Alpine lakes are extreme ecosystems located in remote areas and populated by few but well-adapted species. Because of their remote location, they are often considered pristine, unpolluted ecosystems. Since the 1980s, however, they have been affected by global anthropogenic impacts. Macrobenthic invertebrates play a pivotal role in these ecosystems and can be used as bioindicators also for monitoring the accumulation of trace elements. We characterized the macrobenthic invertebrates community of Balma Lake (Cottian Alps, Northwest Italy) and Dimon Lake (Carnic Alps, Northeast Italy) in summer and autumn and measured the levels of nine trace elements (As, Cd, Cr, Cu, Fe, Ni, Pb, Se, Zn) in the most abundant taxa (Chironomidae and Oligochaeta in both lakes and Hirudinea in Dimon Lake) in both seasons. The highest levels of trace elements were recorded for Fe, Cu, and Zn according to their environmental availability and their function as essential elements. The total amount of trace elements was highest for the Chironomidae from both lakes compared to the other two taxa. As, Cd, Pb, and Zn were measured in sediment to calculate bioaccumulation factor (BAF) values. The amount of elements in sediment and macrobenthic invertebrates was higher for Dimon Lake, suggesting a greater flux via precipitation of contaminants from the lowland. The BAF values were decreased with increasing trace elements concentration in sediment, indicating mechanisms of elements excretion in biota where the environment is contaminated. This study is the first to report on the use of macrobenthic invertebrates to monitor trace elements in Alpine lakes.
Introduction
Alpine lakes are high-altitude, remote, and extreme ecosystems subject to harsh climatic conditions (Hinder et al. 1999; Catalán et al. 2006) . During most of the year (from October-November to June-July), the snow and ice covering the lakes prevent sunlight from penetrating the water column (Felip et al. 1999 ). In early summer, when the snow melts, Alpine lakes quickly shift from extremely low to extremely high solar irradiance, with exposure to increasing levels of UV radiation directly correlated with altitude (Caldwell et al. 1980) . The ice-free season permits certain aquatic organisms to complete their life cycle within a very short period, before the snow covers the lakes again in autumn. The oligotrophic water conditions and the intensity of UV radiation associated with extreme temperatures have allowed the development of a few dominant but well-adapted species (Sommaruga 2001; Füreder et al. 2006) . These characteristics underlie the negative correlation between altitude and biodiversity (Rott 1988; Starkweather 1990 ).
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Owing to their remote location, Alpine lakes are often considered pristine, unpolluted ecosystems. Since the 1980s, however, they been affected by global anthropogenic impact and are considered a receptor for medium atmospheric transported (MRAT) organic contaminants (Ferrario et al. 2017) , as observed for the Arctic (Hung et al. 2016 ). In the European Alps, altitudinal transport can occur over relatively short distances from sources of pollution in the industrialized areas of Germany, Switzerland, Austria, and Northern Italy (Poma et al. 2017) .
Trace elements enter the aquatic environment from a variety of sources. Although most occur naturally through biogeochemical cycles, rapid industrialization has accelerated their flux into the environment through a variety of human activities, especially the combustion of fossil fuels (Förstner and Wittmann 1981) . Furthermore, trace elements attached to fine aerosols can be transported hundreds of kilometers away from the original source and are washed out into the aquatic ecosystems during precipitation events and enter the water column and the sediment (Pan and Wang 2015) . Trace element levels have increased in industrialized and remote areas as a result of atmospheric deposition, solubilization, and mobilization from sediments. The latter represent the major sink for environmental contaminants (Karadede-Akin and Unlu 2007) .
Macrobenthic invertebrates accumulate trace elements based on their functional feeding guilds (FFG) (Goodyear and McNeill 1999; Santoro et al. 2009; Pastorino et al. 2019) . Uptake is also governed by water temperature, morphology, physiology, and tolerance to environmental contaminants (Goodyear and McNeill 1999) . The structure and functional characteristics of macroinvertebrate communities are influenced by local (hydrochemistry, nature of the substratum, vegetation cover, presence of tributaries or emissaries) and regional (biogeographic history of the lake, climate, and transport of long-range air pollution) factors (Fjellheim et al. 2009 ). Trace elements contamination can reduce macrobenthic invertebrate richness, as well as density, growth, and production (Maret et al. 2003; Gray and Delaney 2008) . Macrobenthic invertebrates are closely associated with sediments and constitute an important link to transfer contaminants to higher organisms such as fish or birds. Though often originally fishless, mountain lakes are inhabited by fish species introduced for recreational fishing (Tiberti et al. 2014; Pastorino et al. 2020) . Furthermore, macrobenthic invertebrates in mountain lakes are constitute by few taxa: Diptera Chironomidae (Hexapoda) and Oligochaeta can make up more than 70% of the whole community Kownacki et al. 2006; Dumnicka and Boggero 2007) and can achieve great density (Kownacki et al. 2006; Oertli et al. 2008) . Pastorino et al. (2019) showed that detection of trace elements in macrobenthic invertebrates is a useful analysis for obtaining information about the status of freshwater watercourses, since sites classified as "Moderate"sensu Water Framework Directive also had the highest trace elements amount. Starting from this point, the main aim of this study was to detect the amount of As, Cd, Pb, and Zn in surface sediment and of As, Cd, Cr, Cu, Fe, Ni, Pb, Se, and Zn in the tissues of macrobenthic invertebrates in two Alpine lakes (Balma Lake and Dimon Lake) located in Western and Eastern Alps that differ in geomorphology and hydrochemistry. The choice of these elements was made in accordance with the available literature on trace elements in surface sediment from Alpine lakes (Camarero et al. 2009a) and in freshwater macrobenthic invertebrates (Santoro et al. 2009; Pastorino et al. 2019 ).
Material and methods

Study sites
Balma Lake ( Fig. 1a ) lies at 2100 m above sea level (a.s.l.) in Coazze, a small town about 40 km from Turin (Piedmont, Northwest Italy). It is a typical glacial-origin lake in the Cottian Alps, within the Site of Community Importance (SCI)/Special Areas of Conservation (SAC) IT1110006 -Orsiera Rocciavrè. The lake is located above the tree line and is covered by ice from November to late May/early June. The principal pressures are grazing (cows in summer) and recreational fishing. Originally a fishless lake, brook trout (Salvelinus fontinalis) was introduced for recreational fishing (Balma et al. 1989; Pastorino et al. 2020) . The main core of the area is composed of ophiolite metamorphic bedrock. The lake measures 414 m in perimeter, 1.21 ha in surface area, and 6.42 m in maximum depth in the central zone. A small inlet is located at the western shore, dividing into three small branches before entering the lake. A true outlet is not evident. However, at the eastern side, the Rio Balma originates by water filtration through the sediments delimiting the basin.
Dimon Lake (46°34′ 4.17″ N; 13°03′ 43.12″ E) ( Fig. 1b ) is located at 1857 m a.s.l in Treppo Ligosullo near the small mountain village of Ligosullo, about 70 km from Udine (Friuli Venezia-Giulia, Northeast Italy) within the SCI/SAC IT3320002 Monti Dimon e Paularo. A glacial-origin lake, it lies in a small valley on the slopes of Mount Dimon (Carnic Alps). The site is assigned to the habitat type "oligotrophic to mesotrophic standing waters" according to habitat description of Natura 2000 sites. The principal pressures are grazing (sheep in summer). Originally a fishless lake, the fish community is now composed of bullhead (Cottus gobio) and minnow (Phoxinus phoxinus) (Pastorino et al. 2020) . The lake measures 356 m in perimeter, 0.58 ha in surface area, and 4.27 m in maximum depth. No previous studies or data about hydrochemistry, taxa composition, and trace element accumulation are available for both lakes. For the aims of this study, five sampling stations were chosen in the littoral zone in both lakes ( Fig. 1a; b ).
Analysis of surface lake sediment
Integrated surface sediment (0-2 cm) samples from each station of the littoral zones of the two lakes were collected with a plastic spatula and tested for four trace elements (As, Cd, Pb, and Zn); the concentrations were detected by inductively coupled plasma-mass spectrometry (ICP-MS NexION 350, PerkinElmer Inc., Waltham, MA, USA) after microwaveassisted acid digestion (Multiwave PRO reaction system, Anton Paar GmbH, Graz, Austria). An adaptation of the EPA Method 3052 (EPA 1996) was used. Freeze-dried samples (0.3 g) were reduced to powder with an agate mill and placed in vessels where a mixture of 5 mL of nitric acid and 1 mL of hydrogen peroxide was added. Mineralization was performed. The samples were then centrifuged, and MilliQ water was added to a volume of 25 mL. Concentrations of As, Cd, Pb, and Zn were determined by ICP-MS using calibration curves obtained from analysis of five standard solutions.
Water chemistry
Water temperature (°C), pH, conductivity (μS cm − 1 ), and dissolved oxygen (% oxygen saturation) were measured using portable probes (HI 9033 conductivity meter, HI 9125 pH/ ORP meter, HI 9147 oximeter, Hanna Instruments Inc. Woonsocket, RI, USA) at each station in summer and autumn in both lakes ( Fig. 1a, b ). Three replicates for each parameter were measured in the field. Three 1 L glass bottles (3 replicates) were collected at each station to measure NH 4 + (mg L − 1 ), NO 3 − (mg L − 1 ), and P-PO 4 (mg L − 1 ) using a multiparameter benchtop photometer (model HI 83200-02, Hanna Instruments Inc.) and following the manufacturer's instructions.
Macroinvertebrate sampling
Macrobenthic invertebrate sampling was carried out in both lakes during two campaigns in 2017: the first in summer (August) and the second at the beginning of fall (October). The choice of these periods was dictated by the need to exploit the time in which the lakes are accessible (generally from June to early November) to study the macrobenthic invertebrates in seasons when abundance and biomass of these organisms are highest (Fjellheim et al. 2000 (Fjellheim et al. , 2009 . A Surber net (mesh 250 μm; 0.1 m 2 subtended area) was used for sampling the macrobenthic communities at five stations in the littoral zone ( Fig. a1; b1 ), and three replicates were collected at each station, for different microhabitats, according to the presence of inlets or outlets (Boggero et al. 2014; Dumnicka et al. 2015) and considering the whole substrate composition (rocks, cobbles, sand, organic matter accumulation, etc.). To standardize the sampling, the duration was set at 2 min for each subsample at each station . Samples were immediately identified and stored at − 20°C. The most abundant taxa (Chironomidae and Oligochaeta in Balma Lake and Chironomidae, Oligochaeta, and Hirudinea in Dimon Lake), by dry weight (Table 2) , were chosen to investigate the amounts of nine trace elements (As, Cd, Cr, Cu, Fe, Ni, Pb, Se, Zn). The samples were oven-dried at 70°C for 72 h to obtain a total (summer plus autumn) dry weight of 300-1000 mg (depending on taxa) and for trace element detection. A pool of each taxon collected during summer and autumn was prepared for analysis, since the dry weight of the samples collected during a single season was insufficient for single trace element analysis.
Trace elements were detected by inductively coupled plasma-mass spectrometry (ICP-MS Xseries II, Thermo Scientific, Bremen, Germany). Determination of As, Cd, Cr, Cu, Fe, Ni, Pb, Se, and Zn was performed following the protocols reported in Squadrone et al. (2016) . Multi-elemental determination was performed by means of ICP-MS after daily optimization of instrumental parameters and using an external standard calibration curve. Analytical performance was verified by processing certified reference materials (Oyster Tissue -SRM 1566b from the National Institute of Standard and Technology), along with blank reagents in each analytical session. The limit of quantification (LOQ) was 0.010 mg kg − 1 for each element. The reference material values and the percentages of recovery obtained are shown in Table S1 (supplementary material). The analytical method was validated according to ISO/IEC 17025 (general requirements for the competence of testing and calibration laboratories).
Statistical analysis and calculation of bioaccumulation factor (BAF) values
Normality and homogeneity of variance was tested using the Kolmogorov-Smirnov test. Differences in concentration of the physicochemical features between the two lakes were checked using the Wilcoxon test. Differences in trace element concentration in the taxa collected from each lake were assessed using the Wilcoxon test (Balma Lake) or the nonparametric Kruskal-Wallis test followed by post-hoc pairwise comparisons based on the Dunn test (Dimon Lake). Spearman's rank correlation coefficient was calculated to determine the relationship between trace element concentration in the taxa and (a) water physicochemical parameters, (b) respective concentration in sediment for each lake. Results were considered statistically significant at p values < 0.05. Statistical analysis was performed using Graph Pad Statistics Software Version 6.0 (GraphPad Software, Inc., USA). Principal component analysis (PCA) was performed using the trace element concentrations measured in the taxa to check for trends in trace elements between the two lakes. The PCA results were plotted using open-source data analysis software RStudio® version 1.1.463 (RStudio, Inc.). To evaluate patterns of trace elements bioaccumulation, bioaccumulation factors (BAF) were calculated as follows (Klavinš et al. 1998; Ruus et al. 2005) :
whereby M tissue is the trace elements concentration in the tissue of a given macroinvertebrate and M sediment is the trace elements concentration in the sediment. Table 1 presents the seasonal mean values and standard deviations of the physicochemical features measured in the lakes (three replicates for each parameter in each station). Consistent with seasonal trends, the water temperature in both lakes was lower in autumn, and no thermal stratification was observed in the water column. Significant differences between physicochemical parameters and nutrients between the two lakes were found for pH (p < 0.001), conductivity (p < 0.01), and phosphorus (p < 0.01).
Results
Physicochemical parameters of water
Macrobenthic invertebrate communities in Balma Lake and Dimon Lake.
A total of 4321 individuals were collected from the littoral area of Balma Lake: 1765 in summer and 2556 in autumn. The most frequent taxa were Hexapoda (Fig. 2) , and among these, the most abundant taxon was Diptera Chironomidae (57.9% of the whole community in summer and 73.5% in autumn). Oligochaeta were the second most abundant (21.1% in autumn and 36.0% in summer). Together, Chironomidae and Oligochaeta made up 93.9% of the invertebrates collected from Balma Lake during both sampling seasons. The presence of Bivalvia was also noted: 2.3% in summer and 3.1% in autumn. The frequency of the other taxa pooled was less than 4.0%.
A total of 5923 individuals were collected from the littoral area of Dimon Lake, 3585 of which in summer and 2338 in autumn. The community was mainly made up of Diptera Chironomidae and Oligochaeta (83.0% of the community in both seasons). Among the Hexapoda, Chironomidae were the most abundant (75.2% and 46.62% in summer and autumn, respectively), while other taxa constituted less than 3.5%. Worm frequency was 9.8% in summer and 36.6% in autumn. There was a consistent presence of leeches (Hirudinea, Glossiphoniidae) in both summer (14.4%) and autumn (13.6%). The most abundant taxa were chosen for further analyses of trace element concentrations. Table 3 presents the dry weight for the three main taxa collected in this study.
Trace elements in sediment and in macrobenthic invertebrates
Sediment Table 3 presents the trace elements concentration values in sediment from the two lakes. The concentration in decreasing order for the two lakes was: Zn > Pb > As > Cd. Furthermore, the total average trace elements content was higher in Dimon Lake than Balma Lake (287.62 mg kg − 1 vs. 94.94 mg kg −1 ). The mean concentration of each trace element (obtained from the mean of the two seasons) was used to calculate the BAF values in Diptera Chironomidae and Oligochaeta from Balma Lake and in Diptera Chironomidae, Oligochaeta, and Hirudinea from Dimon Lake. No correlation was found between trace elements concentration in sediment and in the macrobenthic invertebrates. Table 4 and Fig. 3 present the mean concentration and the relative standard deviation of each element detected in the two main taxa from the two lakes. The mean concentration in decreasing order in the Oligochaeta from Balma Lake was: Fe (892) > Cu (644) > Zn (337) > Ni (85) > Pb (68) > Cr (62) > Se (12) > Cd (2.4) > As (1.5) mg kg − 1 ; the mean concentration in decreasing order in the Chironomidae was Fe (1158) > Cu (728) > Zn (418) > Ni (113) > Cr (81) > Pb (66) > Se (5.5) > Cd (2.8) > As (1.2) mg kg − 1 . The total amount of elements was higher in the Chironomidae than the Oligochaeta (2573.5 mg kg − 1 vs. 2103.9 mg kg − 1 ).
Macrobenthic invertebrates
The mean trace element concentration in decreasing order in the Oligochaeta from Dimon Lake was: Fe (1837) > Cu (457) > Zn (293) > Pb (46) > Cr (26) > Ni (18) > As (17) > Se (7.1) > Cd (3.8) mg kg − 1 ; the mean concentration in decreasing order in the Chironomidae was Fe (1831) > Zn (606) > Cu (487) > Pb (49) > Ni (24) > Cr (14) > As (10) > Se (4.4) > Cd (3.2) mg kg − 1 wet weight. The mean concentration in decreasing order in the Hirudinea was Fe (1733) > Zn (374) > Cu (247) > Ni (24) > Pb (11) > As (6.4) > Se (4.1) > Cr (2.4) > Cd (2) mg kg − 1 . The total amount of elements was higher in the Chironomidae than the Oligochaeta (3028.6 mg kg − 1 vs. 2704.9 mg kg − 1 ).
Considering the sum of the two main taxa (Oligochaeta and Chironomidae), the total amount of trace elements was higher in Dimon Lake than Balma Lake (5733.5 mg kg − 1 vs. 4677.4 mg kg − 1 ). In particular, the amount of Cr, Ni, Pb, and Se was higher in Balma Lake, while the amount of As, Cd, Cu, Fe, and Zn was higher in Dimon Lake. Comparison of the total amount of each element detected in the two main taxa (Oligochaeta and Chironomidae) from the two sites showed the highest values for Fe, Cu, and Zn.
The Kruskal-Wallis test evidenced significant differences in trace element concentration among the taxa from Dimon Lake (p < 0.05), Dunn test p < 0.05 only for Chironomidae vs. Hirudinea. The Wilcoxon test revealed no significant differences in trace element concentration in the two taxa from Balma Lake (p > 0.05). Spearman's rank correlation coefficient did not highlight any relationships between trace element concentration in macrobenthic invertebrates and water physicochemical parameters. With regard to PCA (Fig. 4) , the first two principal components (PCA1; PCA2) accounted for meaningful amounts of the total variance (79.2%), while the other components accounted for a relatively smaller fraction of the variance. In particular, PCA1 explained little more than 57.3% of the total variance and was positively correlated with the variables Cr, Cu, Ni, Pb, Se, and Zn and negatively correlated with As, Cd, and Fe. PCA2 explained 21.9% of the total variance and was positively correlated with the variables As, Cd, Cr, Cu, Fe, Pb, and Se and negatively correlated with Ni and Zn. The biplot of loadings (variables) and score (observations) shows which taxon of macroinvertebrates is closest to them and which variables (trace elements) contribute to this grouping in the coordinate of PCA1 and PCA2. Moreover, the taxa are arranged according to trace element concentration measured at the two sites. The separation between the macrobenthic invertebrates from the two lakes (Balma on the right, Dimon on the left) suggests a difference in trace elements accumulation capacity. Furthermore, the Chironomidae and Oligochaeta from Balma Lake are much closer to them compared to all taxa from Dimon Lake, which are separated from each other, suggesting a different level of trace element concentration, as confirmed by the Kruskal-Wallis test.
Bioaccumulation factors (BAF)
Table 5 presents the BAF values. Among the trace elements, Cd and Zn were found to score higher BAF values in all taxa, and the highest values (28 and 8.04, respectively) were observed in the Chironomidae from Balma Lake. The BAF values were higher for all elements in Balma Lake than Dimon Lake.
Discussion
High-altitude lakes are a precious landscape component of the Alpine environment and have attracted increasing attention in recent decades: they host few species with poorly structured trophic networks and respond rapidly to environmental changes (Fjellheim et al. 2009 ).
For this study, we used the level of trace element accumulation in macrobenthic invertebrates to highlight trace elements concentration in two Alpine lakes, since they have proprieties that make them useful sentinel organisms in freshwater monitoring programs (Santoro et al. 2009; Pastorino et al. 2019) .
As shown in Fig. 1 , the sampling sites are located at opposite ends of the Alps, with differences in geomorphology and hydrochemistry. These observations are typical for highaltitude lakes and are shared by other studies (Bretschko 1974; Kownacki et al. 2000; Füreder et al. 2006; Kownacki et al. 2006; Oertli et al. 2008; Fjellheim et al. 2009; Čiamporová-Zaťovičová et al. 2010; Dumnicka et al. 2015; Novikmec et al. 2015) .
Our measurements of environmental parameters of water oxygenation, pH, conductivity, and temperature were consistent with those reported by Tiberti et al. (2010) for 12 Alpine lakes in Gran Paradiso National Park (Western Alps, Italy). The temperature data revealed no vertical layering (stratification) in either lake due to the shallow depth that does not allow the formation of a thermocline layer. The pH values are related to the rock composition. Since Bama Lake lies on granite bedrock, its pH values are lower compared to lakes on sandstone bedrock and volcanic rocks like Dimon Lake, where the pH is generally more than 8.5 (Camarero et al. 2009b ). Nevertheless, the pH values were in line with the literature reported for high-altitude environments (Kownacki Table 3 Concentration of trace elements (mg kg − 1 ) in surface sediment from Balma Lake and Dimon Lake (n = summer and autumn samples) Balma Lake (n = 2) Dimon Lake (n = 2) Mean ± SD Mean ± SD As Boggero et al. 2006; Füreder et al. 2006; Fjellheim et al. 2009; Hamerlík et al. 2017) . As expected for mountain lakes, the oxygenation level was high (Tiberti et al. 2010) . The water conductivity values were also in line with the published literature: the conductivity of lakes lying on granite bedrock tends to be < 50 μS cm − 1 , while those with a greater percentage of carbonate or sandstone components can have values of up to 250 μS cm − 1 Füreder et al. 2006) . Trace elements in essential and nonessential forms are naturally persistent in the environment and accumulate in nature, especially in sediments (Hosseini Alhashemi et al. 2012) . Their concentration in sediment depends mainly on the geological structure of the catchment area and the intensity of material transport from the catchment to the lake (Boyle 2001; Tylmann et al. 2011) . The two elements with the highest concentration in the sediment in both lakes were Pb and Zn; they are present at the highest contamination level on the European scale (Renberg et al. 2000) , also in remote areas (Köck and Hofer 1998; Camarero et al. 2009a ). In particular, Catalán et al. (2009) showed that an enrichment in Pb and Zn is higher in southern than in central areas of the Alps, suggesting the main source of these pollutants is from the industrial areas of the south. We observed a remarkable concentration of arsenic in the sediment of Dimon Lake (39 ± 0.3 mg Kg − 1 ) 0,00 0,50 probably due to the rock composition of the area, since volcanic rocks naturally contain high amounts of arsenic (Fuganti et al. 2005) . Generally, As, Pb, and Cd concentrations were much higher for Dimon Lake than those reported for surface sediments by Camarero et al. (2009a) for Alpine lakes located in Piedmont-Ticino, Central, and Tyrol Alps, suggesting that atmospheric deposition plays an important role in the transport of trace elements in this site. Klavinš et al. (1998) reported values for Pb (range 12.75-83.21 mg kg − 1 ) and Cd (0.41-2.75 mg kg − 1 ) in surface sediments from 11 lakes in Latvia, suggesting that the highest values recorded for Pb and Cd (83.21 mg kg − 1 and 2.75 kg − 1 , respectively) result from the anthropogenic impact. Our results are in line with those reported by Camarero (2003) who studied the trace elements concentration in 75 lakes in the Pyrenees mountains and described the effect of atmospheric pollution on mountain areas. Fig. 4 Biplot of score and loadings from principal component analysis. The scores of each taxon are denoted by a symbol (largest symbol = average value); each lake has a different color (Balma Lake in green; Dimon Lake in red) Comparison of the trace elements concentration found in the sediment from Balma Lake and Dimon Lake with the recommended levels of sediment quality targets for the protection of sediment-dwelling organisms (Crane 2006a (Crane , 2006b shows that the concentration of the majority of the trace elements is within the limit, except for Pb in both lakes and Zn in Dimon Lake, which exceeded the level I limit: the level of contaminant concentrations below which harmful effects on sediment-dwelling organisms (i.e., macrobenthic invertebrates) is unlikely to be observed. Of note, As in Dimon Lake exceeded the level II limit, the contaminant concentration above which has harmful effects on sediment-dwelling organisms is likely to be observed.
But overall, Dimon Lake was found to contain higher total amounts of trace elements in surface sediment and in macrobenthic invertebrates than Balma Lake, suggesting a flux of pollutants from the lowland promoted by the high amount of average precipitation (1544 mm yr − 1 in 2017) in this area (ARPA FVG 2017), which generally occurs when the wind blows from the south (Camarero et al. 2009a ). Differently, the area of Balma Lake has lower average precipitation (540.8 mm yr − 1 in 2017) (ARPA Piemonte 2017), explaining the lower values.
The few studies on trace element accumulation in biota from high-altitude lakes in general and in Alpine lakes in particular have mostly focused on fish. Köck et al. (1996) studied the concentrations of Cd, Pb, Zn, and Cu in Arctic char (Salvelinus alpinus) from five oligotrophic Alpine lakes in northern Tyrol (Austria) and reported that trace elements concentrations were comparable with those in fish from waters polluted by direct discharge of trace elements, suggesting that the lakes are an import source and accumulation site for inorganic contaminants due to transport from industrialized areas.
No previous study on trace element accumulation in macrobenthic invertebrates has been performed in Alpine lakes; the amount found in the invertebrates from both lakes indicates an origin of anthropogenic and pedogenic sources. Fe was found at the highest concentration in all taxa analyzed. Fe mainly originates from the soil and rocks of watersheds, which explains the highest content in our samples, as reported previously for a similar environment (Batifol and Boutron 1984) , yet it cannot be excluded that the values we recorded also result from emissions from combustion sources. Nevertheless, Fe is an indispensable element for life because it is present in many metabolic pathways, also in aquatic invertebrates (Rainbow and Dallinger 1992) . Its solubility in water depends both on the pH and its state of oxidation, which is linked to the redox potential of the environment (Davison 1993) . The Fe concentration is an example of how the concentration of oxygen regulates the redox potential of a chemical species in the aquatic environment (Davison 1993) . The reduction and therefore the solubilization of Fe at the water-sediment interface is also accompanied by the release of phosphorus from the sediment, with possible negative effects for the lake (Jensen et al. 1992) . Several Fe and P compounds, such as ferric phosphate (FePO 4 ), can indeed co-precipitate with ferric hydrate. In shallow Alpine lakes, since no thermal stratification occurs (Tiberti et al. 2010) , Fe concentration is low throughout the water column because all the Fe is oxidized, forming the insoluble hydrate (Bertoni 2006) .
Trace elements as Fe, Cu, and Zn are essential for life at low concentration; they can over-accumulate in contaminated aquatic environments. Furthermore, nonessential elements like As, Pb, Cd, and Cr are toxic for organisms even at low levels of exposure (Esposito et al. 2018) . Macrobenthic invertebrates can take up and accumulate these contaminants from the sediment (being in close contact) that represents the major sink (Chen et al. 1996) . The uptake of trace elements from sediment occurs through permeable body surfaces, as well as through the gut of organisms that feed on contaminated substrates (Bat et al. 1998; Cardoso et al. 2009 ). Santoro et al. (2009) found that the major uptake of As, Cd, Cr, Cu, Pb, and Zn in collector-gatherers was due to their close contact with sediment. Recently, Pastorino et al. (2019) also provided evidence for a greater accumulation of trace elements in collector-gatherers, suggesting that the tropic level of organisms influences trace elements accumulation.
Chironomids are excellent bioindicators (Wiederholm 1984) to investigate the trophic state of lakes over the course of several years (Saether 1979 (Saether , 1893 Hofmann 1988) . The survival of chironomids in an environment depends on diverse environmental factors, including water temperature, pH, and dissolved oxygen (Oliver 1983; Lencioni and Lazzara 2004) . The ecological achievement of this family in a wide range of trophic conditions is a consequence of their physiological adaptability, which allows individuals to live in extreme conditions. Chironomids show a diversity of feeding habits and functions, although most are considered omnivorous (Nessimian and Sanseverino 1998; Nessimian et al. 1999; Henriques-Oliveira et al. 2003) belonging to the FFG of collectors, shredders, and predators. Among other taxa recorded, Oligochaeta can also be found in littoral, sublittoral, and deep zones, where they generally prefer fine substrates (Dumnicka 1994; Verdonschot 2001) . Oligochaeta is classified as collectors-gatherers (Merritt and Cummins 2006) . In fact, most of the aquatic Oligochaeta burrow through sediment in lotic and lentic habitats and ingest organic particles, though some are important algal feeders or predators (Dodds and Whiles 2010) .
In Dimon Lake, we also analyzed Hirudinea belonging to the Glossiphoniidae. This family occurs in both lotic and lentic habitats such as creeks, rivers, lakes, swamps, and ponds and is classified in the FFG of predators. Their trace element concentration was lower than in either Chironomidae or Oligochaeta, suggesting that the biological uptake from immediate contact with the sediment or solid substratum (collector-gatherers), instead of biomagnification along the biotic food webs (predators), is the more effective biological sequestering pathway for trace elements (Santoro et al. 2009 ).
As compared with our data, Klavinš et al. (1998) detected lower concentrations of Pb (average range 3.21-28.71 kg − 1 ), Cu (3.21-8.32 kg − 1 ), and Cd (0.09-1.02 kg − 1 ) in chironomids from 11 sites in Latvia (Baltic Region), whereas Santoro et al. (2009) and Pastorino et al. (2019) reported values in macrobenthic communities similar to our study for sites located near industrialized or urbanized areas.
In Balma Lake, the trace elements concentration in the macrobenthic invertebrates was higher than in the sediment. Except for Zn, the elements concentration in the macrobenthic invertebrates from Dimon Lake was lower than in the sediment. These findings are supported by the BAF values that were consistently higher in the macrobenthic invertebrates from Balma Lake for all trace elements.
These findings are in line with those reported by Klavinš et al. (1998) : BAF values decreased with increasing trace elements concentration in sediment, indicating mechanisms of elements excretion in biota in areas of environmental contamination. In particular, organisms have evolved mechanisms to regulate the concentration of trace elements in their tissues when metal pollution in water, sediment, or food is present (Casado-Martinez et al. 2009; Kalantzi et al. 2014) . In fact, the accumulation of trace elements in macrobenthic invertebrates is regulated by the input and output of metals by the organism, which closely depend on its morphology (Kiffney and Clements 1993) , physiology (Hare 1992) , and the metal distribution in cells (Luoma 1989) . Barka et al. (2010) determined the distribution of bioaccumulated metals, both essential and nonessential, in aquatic invertebrates with a view to assessing their availability to the next trophic level. They described three adaptive strategies that invertebrates may implement: (1) limit the entrance of metals into the body, (2) balance the uptake by increasing excretion, and (3) detoxify and store metals that enter the cells. Aquatic invertebrates can excrete the metals or retain them in tissues also in function of their larval development (Rainbow and Dallinger 1992; Pastorino et al. 2019) . Our results revealed different concentrations of trace elements in Chironomidae and Oligochaeta taxa, albeit belonging to the FFG of collector-gatherers. This depends on several abiotic and biotic factors, such as absorption properties which differ between species or even among individuals of the same species (Arslan et al. 2010) . These considerations are strengthened by the results of PCA analysis that evidenced a clear separation in trace element concentration between taxa and sites.
For example, Timmermans and Walker (1989) reported that Zn, Cu, and Cd are excreted by Chironomus riparius after experimental exposure to high concentrations of dissolved metals. It should also be remembered that interspecific variation in metal accumulation is present among midge larvae. For example, Stictochironomus histrio showed considerable losses of Zn, Cu, and Cd upon metamorphosis, whereas Chironomus anthracinus did not (Timmermans and Walker 1989) . Trace elements may be sequestrated and detoxified by metallothioneins, mitochondria, and lysosomes in the gut system and elsewhere in the body, resulting in apparent resistance to metal contaminants (Ahearn et al. 2004; Schaller et al. 2010) .
Conclusion
This study is the first to report on environmental monitoring of Alpine lakes through a survey of trace element accumulation in macrobenthic communities. Our protocol might be used by environmental agencies to assess environmental contamination in Alpine lakes in the future. In such environments, fish are often non-native to Alpine lakes. For this reason, it would be more accurate to use macrobenthic invertebrates to monitor environmental contaminants in mountain lakes since they reveal ecosystem changes in water supply and flood regulation and are important components of global biogeochemical cycles. In conclusion, the taxa from the two lakes located at opposite ends of the Alps were found to differ in trace element concentration and to reflect the different levels of pollution from the plain: much higher in Dimon Lake in the northeastern Alps. Further investigations are needed to better understand the mechanisms of elements excretion in macrobenthic invertebrates.
